Escherichia coli bacteria sensed the redox state in their surroundings and they swam to a niche that had a preferred reduction potential. In a spatial redox gradient of benzoquinone/benzoquinol, E. coli cells migrated to form a sharply defined band. Bacteria swimming out of either face of the band tumbled and returned to the preferred conditions at the site of the band. This behavioral response was named redox taxis. Redox molecules, such as substituted quinones, that elicited redox taxis, interact with the bacterial electron transport system, thereby altering electron transport and the proton motive force. The magnitude of the behavioral response was dependent on the reduction potential ofthe chemoeffector. The Tsr, Tar, Trg, Tap, and CheR proteins, which have a role in chemotaxis, were not essential for redox taxis. A cheB mutant had inverted responses in redox taxis, as previously demonstrated in aerotaxis. A model is proposed in which a redox effector molecule perturbs the electron transport system, and an unknown sensor in the membrane detects changes in the proton motive force or the redox status of the electron transport system, and transduces this information into a signal that regulates phosphorylation of the CheA protein. A similar mechanism has been proposed for aerotaxis. Redox taxis may play an important role in the distribution of bacterial species in natural environments.
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Bacteria are guided to favorable niches in their surroundings by chemotaxis to diverse stimuli including amino acids and carbohydrates (1) , metal ions (2) , and oxygen and other electron acceptors (1, 3) . They also show a behavioral response to changes in intense light (3, 4) , temperature (5), pH (6, 7) , and osmotic strength (8) . Behavioral responses to these environmental stimuli allow bacteria to find optimal conditions for growth in their surroundings.
In Escherichia coli, the majority of chemoeffectors are sensed by transmembrane receptors called methyl-accepting chemotaxis proteins (reviewed in refs. 9 and 10). These chemoreceptors modulate a phosphorylation cascade that involves the CheA, CheW, and CheY proteins (11) . There are alternative chemotaxis pathways that are independent of the methyl-accepting chemotaxis proteins. The most extensively studied of the alternative sensory transduction pathways in E. coli are the pathways for aerotaxis and sugars of the phosphotransferase system (12) (13) (14) . Aerotaxis is the behavioral response that guides bacteria to the concentration of oxygen that is optimal for growth of the species. Oxygen is reduced by the electron transport system and the bacteria detect and respond to the changes in the respiratory system. Current evidence suggests that the bacteria sense a change in the proton motive force (15) (16) (17) (18) , although the tight coupling of HI translocation to electron transport leaves open a possibility that the bacteria sense changes in electron transport, such as the redox state of the components of the respiratory system. The proton motive force across the bacterial cytoplasmic membrane is a primary form of energy in the cell (reviewed in ref. 19 ); sensing of changes in the proton motive force enables bacteria to find optimal conditions for energy generation. Phototaxis (20) (21) (22) (23) and taxis toward electron acceptors (3) in various bacterial species are additional examples of behaviors mediated by the proton motive force and a sensor that is not a methyl-accepting chemotaxis protein (3, 24, 25) .
In this study we present evidence that, in addition to known behavioral responses, E. coli senses the redox state in its surroundings. The term redox taxis has been adopted for this behavior. The mechanism of redox taxis is compared with the mechanism of aerotaxis.
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. The strains used are derivatives of E. coli K-12. Bacteria were grown in LuriaBertani broth at 35°C to OD600 = 0.4-0.6. Cells were washed twice and resuspended in chemotaxis buffer (26) supplemented with 20 mM sodium lactate.
Spatial Assay for Redox Taxis. A redox gradient of reduced/ oxidized quinone was formed on a microscope slide as described (27) . A plug of agarose, containing 100 ,uM 1,4-benzoquinone and 2 mM potassium ferricyanide to maintain the quinone in the oxidized form, was inserted into a suspension of E. coli MM335 (6 x 108 cells/ml) containing 100 ,uM 1,4-benzoquinol (reduced form of the quinone). The preparation was formed and maintained under anaerobic conditions. Formation of a tactic band of bacteria around the plug was observed and recorded via a dark-field video microscope. Spatial gradients of ferricyanide and of benzoquinol were used as negative controls.
Temporal Assay for Redox Taxis. A 9 ,ul drop of diluted (2 x 107 cells/ml) bacterial suspension was placed on a microscope slide and the unstimulated motility pattern of the bacteria was observed using a dark-field video microscope. The compound to be tested (1 ,ul) Proc. Natl. Acad. Sci. USA 93 (1996) 10085
Measurement of Membrane Potential. The membrane potential was determined using a permeating lipophilic cation, tetraphenyl phosphonium (18) . The tetraphenyl phosphonium concentration in the external medium was measured with a tetraphenyl phosphonium-selective electrode constructed according to Kamo et al. (29) using a Kwik-Tip Ag/AgCl half cell electrode (World Precision Instruments, Sarasota, FL). The tetraphenyl phosphonium-selective electrode and a semimicro calomel reference electrode (Orion, Boston) were connected to an ion meter (Corning) and a MacLab MKIII data recording system (Analog Digital Instruments, Milford, MA). All measurements were carried out in a 10 ml closed vessel at 30°C and pH 7.5. Final cell concentration was 8 x 109 cells/ml. The cells were made permeable to tetraphenyl phosphonium by treatment with EDTA as described (30) . The efficiency of the permeabilization was determined by assaying the loss of motility after addition of Triton X-100.
Measurement of Oxygen Concentration. Respiration rates of bacterial suspensions were measured using a Clark-type electrode and an oxygen monitor (Yellow Springs Instruments) that was connected to the data recording system. The oxygen concentration in the bacterial suspension during the measurements of the membrane potential was monitored using a needle oxygen electrode and a chemical microsensor (Diamond General, Ann Arbor, MI).
RESULTS
Behavioral Response in a Redox Gradient. E. coli cells placed in a spatial oxygen gradient migrate to a sharply defined band (Fig. la) because the bacteria are attracted to a preferred concentration of oxygen and repelled by both higher concentrations of oxygen and anoxia (31) . A similar band was formed in a redox gradient under anaerobic conditions (Fig. lb) . The redox gradient was formed by inserting a plug of agarose containing 1,4-benzoquinone (oxidized form) into a bacterial suspension containing an equamolar concentration of 1,4-benzoquinol (reduced form). This created a gradient of oxidized quinone in the bacterial suspension. The plug also contained potassium ferricyanide to maintain benzoquinone in the oxidized state. The total quinone concentration (reduced plus oxidized) was constant throughout the gradient. The observation that E. coli cells migrated to a sharply defined band ( Fig. lb) suggested that the bacteria were attracted to a preferred reduction potential of the quinone in the medium. Microscopic observations using dark-field illumination revealed that the cells in the redox tactic band were highly motile even though no terminal electron acceptor was present in the medium. Cells swimming out of the band in either direction tumbled immediately and returned to the band. This is similar to previous observations in aerotactic bands (31) . In a spatial gradient of potassium ferricyanide alone, bacteria did not form a band, even though there was a gradient of reduction potential in the medium.
Redox Taxis Is Mediated by the Molecules Interacting with the Electron Transport System. A temporal assay was used to investigate the redox tactic response and to screen redox molecules, such as substituted quinones, for the ability to elicit an attractant (smooth swimming) or repellent (constantly tumbling) response (Table 1) . Under aerobic conditions, the oxidized quinones tested were repellents. The reduced forms of the quinones did not elicit a tactic response at concentrations up to 2 orders of magnitude higher than the concentration of the oxidized form that elicited a response. The reductants, 2-mercaptoethanol, dithiothreitol, and sodium borohydride elicited a brief smooth swimming response (Table 1) . Not all redox molecules were effectors for redox taxis (Table  1) and this facilitated investigation of the initial transduction event in redox taxis. In a spatial quinone/quinol gradient (Fig.  lb) , the band of bacteria moved closer to the plug over time. consumption by the bacteria was decreased, and ceased at high concentrations of benzoquinone (Fig. 2d) . Other redox compounds that elicited a repellent response (Table 1) were also reduced by E. coli cells, and they decreased oxygen consumption by the bacteria. In contrast, ferricyanide, which does not elicit redox taxis, was not reduced by E. coli and did not affect oxygen uptake by the bacteria (data not shown). This probably reflects the impermeability of the E. coli membrane to ferricyanide. Methylene blue and methyl viologen did not elicit taxis (Table 1 ) and they were not reduced and oxidized, respectively, by the cells. Table 1 there was a direct correlation between the magnitude of the behavioral response and the reduction potential (electron affinity) of the quinone that elicited the response. We conclude that the stronger the ability of a molecule to divert electrons from the electron transport system, the more potent it is as an effector for a behavioral response.
Reduction/Oxidation Is a Signal for the Behavioral Response. E. coli responded to the oxidation or reduction of a quinone in situ, where the total quinone/quinol concentration remained constant. Addition of reduced 1,4-benzoquinol to the cells under aerobic conditions had no effect on bacterial behavior (Fig. 2a) , electron transport (Fig. 2c) , or the proton motive force (Fig. 2e) . However, when potassium ferricyanide was added to the suspension to oxidize the quinol in situ, the diversion of electrons to oxidized benzoquinone inhibited respiration (Fig. 2c) and the proton motive force (Fig. 2e) , and concurrently elicited a constantly tumbling response (Fig. 2a) .
In the absence of the quinol, ferricyanide did not elicit a response.
Reduction of a quinone in situ had the opposite effect. The diversion of electrons (inhibition of respiration) ceased when benzoquinone was reduced by mercaptoethanol (Fig. 2d) ; the proton motive force was restored (Fig. 2f) (Fig. 2) . It is likely that bacteria sense and respond to changes in proton motive force or in the redox status of the components of the electron transport system. The results obtained in anoxic E. coli were consistent with this hypothesis. When aerobically grown E. coli cells were exposed to anoxia, motility dramatically decreased due to the absence of electron transport and a consequent decrease in the proton motive force which supplies the energy for the E. coli flagellar motors (37) . It was assumed that under anoxic conditions (where there is no respiration), addition of oxidized (but not reduced) quinone would permit limited electron transport, and an increase in the proton motive force by acting as an electron acceptor for the respiratory dehydrogenase complexes. Fig. 3 confirmed that addition of the oxidized quinone to bacterial cells under anaerobic conditions resulted in a transient increase in the proton motive force. Addition of reduced benzoquinol or an impermeable redox compound, potassium ferricyanide, did not result in changes in the proton motive force or bacterial behavior (data not shown). Thus, in both aerobic (Fig. 2) and anaerobic (Fig.  3) , conditions negative redox taxis coincides with a decrease in the proton motive force and positive redox taxis coincides with an increase in the proton motive force.
Redox Taxis Is Independent of Methylated Chemotaxis
Proteins. In most chemotactic responses, adaptation of E .coli is dependent on the methylation of specific chemoreceptors by the CheR methyl transferase (reviewed in refs. 9 and 10). In contrast, adaptation during aerotaxis is methylation independent (12) . Our results demonstrate that redox taxis does not require methylation (CheR) or methyl-accepting chemotaxis proteins (Tsr, Tar, Trg, and Tap) ( Table 2 ). The inverted response of the cheB mutant to both an oxidant and a reductant (Table 2) is another similarity to aerotaxis (39 (Table 1) .
Reductants, such as mercaptoethanol and sodium borohydride, caused a brief smooth swimming response under aerobic conditions and no response under anaerobic conditions. Since the reductants readily reduce quinones in solution (Fig. 2) , it is possible that they may have a similar effect on the naturally Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 10087 (36) , using a tetraphenyl phosphonium-selective electrode. The electrode traces commenced after equilibration of tetraphenyl phosphonium between the extraand intracellular spaces. Cell concentration: 8 x 109 cells/ml. Because the higher cell concentration rapidly reduced BQ to BQH2, concentrations were increased to 1 mM for BQ and BQH2 and 2 mM for potassium ferricyanide and mercaptoethanol.
occurring quinones in the bacterial electron transport system. Under aerobic conditions, ubiquinone is predominantly in the oxidized form, and thus addition of a reductant may enhance electron transport between dehydrogenases and terminal oxidase complexes.
The strongest redox tactic responses were observed for quinones that are analogues of ubiquinone and menaquinone. Under anoxic conditions, the exogenous quinones permit limited electron transport and generation of the proton motive force (Fig. 3) , presumably via dehydrogenase complexes. Under aerobic conditions and during anaerobic respiration, exogenous quinones interrupt electron transport between dehydrogenases and terminal oxidases or reductases, competing for electrons with naturally occurring quinones, and thus inhibit respiration and decrease the proton motive force (Fig. 2) .
Our results are consistent with a model in which a change in the proton motive force is the signal transduction event that triggers the behavioral response. But since the proton motive force is tightly coupled to electron transport, our results are also consistent with a model in which the critical sensory transduction event is a change in the redox state of a component of the electron transport system. Redox sensing has previously been implicated in a photophobic response in cyanobacteria (40) and in controlling the activity of the light-harvesting chlorophyll protein kinase in a unicellular green alga (41) . Further investigations are necessary to dis- tinguish between changes in the proton motive force and in the redox state as the essential signal transduction event.
We propose a model for redox taxis in which a sensor in the membrane detects the change in redox state or the proton motive force and generates a signal that modulates phosphorylation of the CheA protein, thereby regulating the flagellar motors that control the bacterial behavior. This model is similar to a proposed mechanism for bacterial aerotaxis (13, 18, 25) . As in aerotaxis, a signal molecule in redox taxis must be reduced (oxidized) in order to cause a behavioral response.
Like aerotaxis, redox taxis does not require the presence of a known chemotaxis receptor, and adaptation is methylationindependent (Table 2 ). Both aerotaxis and redox taxis are inverted in a cheB mutant. Previous findings in this laboratory demonstrated that the central chemotaxis regulator, CheA, interacts with the aerotaxis sensor (42) . The similarities between redox taxis and aerotaxis suggest that a common sensor may function for redox taxis and aerotaxis.
Changes in the redox potential of the environment have a great impact on a living cell. Adaptation of bacteria to such (45) or a reduction potential (46) . Redox taxis should be a productive system for further investigating the basic principles of redox sensing in microorganisms. Possible Ecological Role of Redox Taxis. Exponentially growing aerobic bacteria consume oxygen and reduce their surroundings. As the bacterial density increases, continued growth is endangered by this conditioning of the surroundings. Redox taxis and aerotaxis can disperse crowded bacteria before they become trapped in a hypoxic, reduced environment. A response to redox potential also may be important to bacteria inhabiting the oxicanoxic transition zones found in soil, in the rhizosphere, in sediment-water interfaces, and in some water columns (47, 48) . We have previously demonstrated sensing by a nitrogen-fixing bacterium, Azospirillum brasilense, of a redox gradient of an artificial electron acceptor (27) . Redox taxis could guide individual bacterial species in anoxic zones to the optimal redox potential for hydrogen utilization, nitrogen fixation, or for biogeochemical cycling of sulfur, iron and carbon. If so, it is likely that redox taxis is widespread in bacteria, and that there are many additional effectors for redox taxis.
Finally, the repellent responses observed in E. coli correlated not with the ability of quinones to produce reactive oxygen derivatives (data not shown) but with their capacity to divert electrons from the electron transport system ( Table 1) . Cytotoxicity of quinones as anticancer and antibacterial drugs is widely believed to be due to production of toxic oxygen derivatives (49) . In light of our findings, it would be interesting to investigate whether the cytotoxic action of quinones is due to their ability to act as inhibitors of the electron transport system (34) .
